Introduction {#Sec1}
============

It is well established that our universe is undergoing an accelerating expansion today \[[@CR1]--[@CR3]\]. Several observations suggest that this accelerated expansion started relatively recently at $\documentclass[12pt]{minimal}
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                \begin{document}$$z\sim 0.7$$\end{document}$ \[[@CR4], [@CR5]\]. One of the possible explanations is to assume the presence of dark energy as a dominant component of the total energy density budget in the universe today (i.e. around 70% of the universe matter--energy content today is a substance with negative pressure that drives today's accelerated expansion). Dark energy is characterized by an equation of state (EOS) parameter *w* defined by as a ratio between the pressure (*p*) and the energy density ($\documentclass[12pt]{minimal}
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                \begin{document}$$w \equiv p/\rho $$\end{document}$. The accelerated expansion requires that $\documentclass[12pt]{minimal}
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                \begin{document}$$w <-1/3$$\end{document}$. Generally speaking *w* parameter might be time dependent. In the framework of the standard cosmological (concordance) model, dark energy is represented by the cosmological constant $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$ (that was originally introduced by Albert Einstein, and it is assumed to be associated with the vacuum energy density). This cosmological model is referred as $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model, in this case the EOS parameter is constant, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=-1$$\end{document}$. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model is simple and easy to constrain through observations, but besides good agreements with existing observational data, the model has a number of shortcomings (the cosmological constant problem, the coincidence problem, the matter -- anti-matter asymmetry, the weakness of gravity compared to other forces, etc.) \[[@CR6]--[@CR10]\]. The most notable of these puzzles is the cosmological constant problem which stems from the fact that the theoretically expected value (based on quantum field theory approach and on dimensional arguments) of the cosmological constant associated energy density is determined by $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{pl}^4$$\end{document}$ (where $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{pl}=1.2211 \times 10^{19}$$\end{document}$ GeV is the Planck mass), while the actual value (suggested through observational data) is order of 120 magnitudes lower \[[@CR11]--[@CR13]\]. In order to overcome this (and other) difficulties (the coincidence problem, for example), *dynamical* dark energy models were proposed \[[@CR14], [@CR15]\], and see Ref. \[[@CR16]\] for a recent review.

Several large scale structure surveys missions, such as e.g. Dark Energy Spectroscopic Instrument (DESI), Wide-Field Infrared Survey Telescope (WFIRST) and Euclid are scheduled to start operating within the next decade. Upon completion of these missions, very accurate measurements of the expansion velocity, angular distance and growth rate in the universe to redshifts of $\documentclass[12pt]{minimal}
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                \begin{document}$$z\sim 2$$\end{document}$ will be obtained \[[@CR17]--[@CR21]\]. These measurements cumulatively have a very strong constraining power on the behavior of both dark energy and gravity on large length scales. If the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model is *not* the correct cosmological model, we should be able to see this in upcoming data. If, however, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model or a model very close to it, is the correct model, the interpretation of the data will be less straightforward. One reason for this is that the most viable dark energy models have the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model as their limit so the Bayesian arguments about the fine-tuning of the extra parameters will have to be employed. In this work we refer to a *simulated* DESI data and study how these models would perform when compared to the baseline $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model. The main question we ask is if the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM were the correct model of cosmology would we be able to unambiguously discard alternative models based on DESI data.

In this paper we investigate a representative family of dark energy models that are based on the idea of a cosmological scalar field \[[@CR22]--[@CR26]\]. If the scalar field, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$, has a slowly rolling stage, the energy density associated with this field can mimic the presence of the cosmological constant at late stages. There are many proposals for the functional form of the self-interacting potential of the scalar field that are allowed by the current observational data \[[@CR27]--[@CR40]\]. In this paper we consider two types models: the quintessence (dark energy is presented in the form of a canonical scalar fields) and the phantom models (dark energy is presented in the form of a non-canonical scalar field). As of now, there is no consensus on which of these models is preferable based on the results obtained from the different observations \[[@CR41]--[@CR45]\]. We study the scalar field models with 10 quintessence and 7 phantom potentials in the Bayesian framework \[[@CR46]--[@CR48]\]. We also limit ourselves by considering the flat scalar field dark energy (so called $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$CDM) models. This is justified by the fact that large deviations from the spatial flatness of the universe seem to be well constrained by the CMB data \[[@CR44]\]. We have found that under these assumptions a vast majority of the scalar field dark energy models will be characterized by low enough Bayes factors to suggest a substantial preference for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model.

The paper is organized as follows: in Sect. [2](#Sec2){ref-type="sec"} we review the dark energy models (including the scalar field quintessence and phantom models); in Sect. [3](#Sec5){ref-type="sec"} we describe observational tests, our results are presented in Sec. [4](#Sec8){ref-type="sec"}, and we conclude in Sect. [5](#Sec9){ref-type="sec"}. We use natural units: $\documentclass[12pt]{minimal}
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                \begin{document}$$c=1=k_B=1$$\end{document}$ throughout the paper.

Dark energy models {#Sec2}
==================

We will consider two families of scalar field dark energy (flat) models: the quintessence (canonical) and the phantom scalar field (non-canonical) models. These models have opposite properties in their manifestation today: (1) in the range of the EOS parameter values ($\documentclass[12pt]{minimal}
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                \begin{document}$$w<-1$$\end{document}$ for the phantom field and $\documentclass[12pt]{minimal}
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                \begin{document}$$-1/3<w<-1$$\end{document}$ for the quintessence field); (2) in the sign of the kinetic term in the Lagrangian (the negative sign for the phantom field and the positive one for the quintessence field); (3) in the dynamics of the scalar fields (the quintessence field rolls to the minimum its potential, the phantom field rolls to the "uphill" its potential); (4) in the dynamics of the dark energy density (increases over time for the phantom field and almost doesn't change over time for the quintessence field); (5) in the forecast for the future evolution of the universe: for the phantom models violent future events (such as big/little/pseudo rips) are predicted, while in the quintessence models either an eternal expansion or a re-collapse depending on the spatial curvature of the universe is predicted.

The action associated with the scalar field, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$, is given field by \[[@CR49]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} S=\frac{M_\mathrm{pl}^2}{16\pi } \int {d^{4}x\Bigl [\sqrt{-g} \Bigl (\pm \frac{1}{2}g^{\mu \nu }\partial _\mu \phi \partial _\nu \phi - V(\phi )\Bigr )\Bigr ]}, \end{aligned}$$\end{document}$$where "$\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$" sign before the kinetic term ($\documentclass[12pt]{minimal}
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                \begin{document}$$g^{\mu \nu }\partial _\mu \phi \partial _\nu \phi /2$$\end{document}$) refers to the quintessence models, while "−" stands for the phantom models; $\documentclass[12pt]{minimal}
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                \begin{document}$$g^{\mu \nu }$$\end{document}$ is the background metric,[1](#Fn1){ref-type="fn"} and $\documentclass[12pt]{minimal}
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                \begin{document}$$V(\phi )$$\end{document}$ is the self-interacting potential of the scalar field, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$. The scalar field is assumed to exhibit the negligible spatial variations, so that the spatial derivatives are small compared to the time derivatives, and thus we assume the scalar field to be an homogeneous field.

Varying the action Eq. ([1](#Equ1){ref-type=""}), the Klein--Gordon scalar field equation of motion can be obtained \[[@CR50]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \ddot{\phi }+3\frac{\dot{a}}{a}\dot{\phi }\pm \frac{\partial V(\phi )}{\partial \phi }=0, \end{aligned}$$\end{document}$$where again "$\documentclass[12pt]{minimal}
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                \begin{document}$$+/-$$\end{document}$" sign corresponds to the quintessence/

phantom model respectively, the over-dot denotes a derivative with respect to the physical time, *t*.

The energy density and the pressure of the scalar field are expressed \[[@CR51]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \rho _\phi = \frac{M_\mathrm{pl}^2}{32\pi } \Bigl (\pm \dot{\phi }^2/2 + V(\phi ) \Bigr ), \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} P_\phi = \frac{M_\mathrm{pl}^2}{32\pi } \Bigl (\pm \dot{\phi }^2/2 - V(\phi ) \Bigr ), \end{aligned}$$\end{document}$$and the effective EOS parameter for the scalar field is then given by $\documentclass[12pt]{minimal}
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                \begin{document}$$w_\phi = \dfrac{\pm {\dot{\phi }}^2/2 - V(\phi )}{{\pm \dot{\phi }}^2/2 + V(\phi )}$$\end{document}$. If the time-derivatives of the scalar field, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$, are small enough to make the magnitude of the kinetic term small compared to the potential $\documentclass[12pt]{minimal}
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                \begin{document}$$|\pm {\dot{\phi }}^2/2| \ll V(\phi )$$\end{document}$ (the "slow roll" condition \[[@CR22]\]), the EOS parameter is very close to negative one[2](#Fn2){ref-type="fn"} and the scalar field behaves like a slowly-time-varying cosmological constant (sometimes the scalar field is referred as a slowly rolling scalar field Ref. \[[@CR10]\]). Below we list the potentials of the quintessential and phantom models considered in this work:

The quintessence models {#Sec3}
-----------------------
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                \begin{document}$$\alpha =\mathrm{const} >0$$\end{document}$ \[[@CR23]\]Ferreira--Joyce potential:[3](#Fn3){ref-type="fn"} $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda = \mathrm{const}>0$$\end{document}$ \[[@CR27]\]Zlatev--Wang--Steinhardt potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$V(\phi )=V_0(\exp ({M_\mathrm{pl}/\phi })-1)$$\end{document}$ \[[@CR28]\]Sugra potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$V(\phi )=V_0\phi ^{-\chi }\exp (\gamma \phi ^2/M_\mathrm{pl}^2)$$\end{document}$; $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi , \gamma =\mathrm{const}>0$$\end{document}$ \[[@CR29]\]Sahni--Wang potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$g=\mathrm{const}<1/2$$\end{document}$ \[[@CR30]\]Barreiro--Copeland--Nunes potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$\upsilon =\mathrm{const}\ge 0$$\end{document}$ \[[@CR31]\]Albrecht--Skordis potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$V(\phi )=V_0((\phi -B)^2 +A)\exp (-\mu \phi )$$\end{document}$; *A*, $\documentclass[12pt]{minimal}
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                \begin{document}$$B=\mathrm{const}\ge 0$$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =\mathrm{const}>0$$\end{document}$ \[[@CR32]\]Urẽna--López--Matos potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$m=\mathrm{const}<0$$\end{document}$ \[[@CR33]\]Inverse exponent potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$V(\phi )=V_0\exp ({M_\mathrm{pl}/\phi })$$\end{document}$ \[[@CR34]\]Chang--Scherrer potential: $\documentclass[12pt]{minimal}
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The phantom models {#Sec4}
------------------
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                \begin{document}$$V(\phi )=V_0\phi ^5$$\end{document}$ \[[@CR36]\]Inverse square potential: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$V(\phi )=V_0\phi ^2$$\end{document}$ \[[@CR37]\]Gaussian potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma =\mathrm{const}$$\end{document}$ \[[@CR37]\]Pseudo Nambu-Goldstone boson potential: $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa = \mathrm{const} >0$$\end{document}$ \[[@CR38]\]Inverse hyperbolic cosine potential: $\documentclass[12pt]{minimal}
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Testing dark energy potentials {#Sec5}
==============================

Model description {#Sec6}
-----------------
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The definition of the starting points for the MCMC chains {#Sec7}
---------------------------------------------------------

To find the starting points for our MCMC chains, we solve jointly the scalar field equation for the quintessence and phantom models, Eq. ([2](#Equ2){ref-type=""}), the Friedmann equation, Eq. ([5](#Equ5){ref-type=""}), and the linear perturbation equation, Eq. ([7](#Equ7){ref-type=""}), for a wide range of the free parameters and the initial conditions for matter dominated epoch. For each potential we have found the plausible solutions, for which the following three criteria were simultaneously fulfilled:The transition between the matter and dark energy equality ($\documentclass[12pt]{minimal}
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This is done to make sure that the MCMC chains converge faster by starting them close to the peak of the posterior likelihood. The actual likelihood surface from the converged MCMC chains of course doesn't depend on the starting point.

Results {#Sec8}
=======
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The Bayesian statistics {#Sec9}
=======================

The reconstruction (and constraining) of the dark energy potentials with minimal priors is a challenging task (see e.g. \[[@CR65]\] for more details). To assess the quality of the different models and to distinguish them from each other, we have applied the Akaike information criterion (*AIC*) \[[@CR66]\] and the Bayesian (or Schwarz) information criterion (*BIC*) \[[@CR67]\]. The information obtained by these criteria complement each other.
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We explicitly checked that the priors incorporate most of the high posterior area. Since all dark energy models have the $\documentclass[12pt]{minimal}
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As a additional exercise we looked at how well the CPL parametrization approximates these dark energy models and where each dark energy model is mapped in the CPL parameter space. The CPL-$\documentclass[12pt]{minimal}
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In Fig. [1](#Fig1){ref-type="fig"} we show that some of the dark energy models stay very close to the $\documentclass[12pt]{minimal}
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Conclusions {#Sec11}
===========

We have derived projected constraints on a number of dark energy models by fitting them to a mock *H*(*z*), $\documentclass[12pt]{minimal}
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In Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"} we show examples of the constraints that we obtain for the quintessence Ratra--Peebles, the Zlatev--Wang--Steinhardt potentials and for the phantom Pseudo Nambu--Goldstone potential. Since all models have the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM model as their limit, strictly speaking it is impossible to rule them out based on the likelihood arguments alone. Therefore we also used commonly cited model comparison criteria in the Bayesian statistics such as the Bayes factor, the *AIC* and *BIC* information criteria. Computing *AIC* and *BIC* in our setup is straightforward. Since all models have the same maximum likelihood by the construction the *AIC* and the *BIC* become simply functions of the number of the extra parameters. To compute the Bayes factors we integrated the posterior within the bounds given in the Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. The results of the *AIC*, *BIC*, and Bayes factors for all the dark energy models are summarized in the Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}. These numbers clearly demonstrated that if the $\documentclass[12pt]{minimal}
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We also explored how the dark energy models are map-ped to the CPL parameter surface. For the models considered in our work this parametrization seems to work reasonably well even for the wide redshift range in a sense that the model predictions are always within one percent of of corresponding CPL predictions.

We assume the flat (suggested by current observations \[[@CR44]\]), homogeneous and isotropic universe that is described by the Friedmann--Lemaître--Robertson--Walker (FLRW) spacetime metric, $\documentclass[12pt]{minimal}
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More precisely, for the freezing quintessence scalar fields the EOS parameter is very close to negative one today, while for the thawing quintessence/phantom scalar fields the EOS parameter deviates slightly from minus one in either direction \[[@CR37]\].

This potential was investigated earlier by Lucchin and Matarrese \[[@CR52]\], as well as by Ratra and Peebles \[[@CR23]\]. Although the complete detailed description of the model was given by Ferreira and Joice \[[@CR27]\].
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Dark energy is sometimes characterized by the EOS parameter only, and the corresponding cosmological model is referred as *w*CDM model \[[@CR57]\].
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It is our great pleasure to thank Bharat Ratra for useful comments and discussions. We appreciate discussions with Natalia Arhipova, Leonardo Campanelli, Vasil Kukhianidze, Olga Navros, Bohdan Novosyadlyj, and Alexander Tevzadze. Support through the Shota Rustaveli Georgian NSF (grants FR/339/6-350/14 and PhD-F-17-196), the CRDF-SRNSF-GRDF Georgian Women's Research Fellowship Program grant WRF-14-22, the Swiss NSF SCOPES (grant IZ 7370-152581), and the NSF Astrophysics and Astronomy Grant (AAG) Program (grant AST-1615940), DOE grant DEFG 03-99EP41093, and NASA grant 12-EUCLID11-0004 are gratefully acknowledged. TK also thanks the High Energy and Cosmology division and the Associate Membership Program at International Center for Theoretical Physics (ICTP) for hospitality and partial support. OA thanks to KSU Physics department for hospitality.
